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Abstract 
Object location memory after TBI: Changes in neural activation and contributions of 
frontal lobe functioning 
M. Meredith Gillis 
 
 
 
 
Object location memory (OLM) is important in completing many daily tasks and 
relies on brain regions including the inferior and medial temporal lobes, posterior parietal 
lobes, and frontal lobes. TBI often results in frontal lobe dysfunction, which can 
adversely impact memory and working memory. The purposes of the current study were 
to investigate the neural substrates of working memory and OLM after TBI. 17 Males (12 
Healthy control (HC); 5 individuals with TBI) completed two types of tasks in the fMRI 
scanner: (1) OLM encoding task during which they were presented with Novel stimuli 
and Repeated (control) stimuli, and (2) spatial and verbal n-back tasks (0-back and 2-
back).  Participants completed the OLM retrieval task outside of the scanner. They also 
completed a neuropsychological screen and memory questionnaires. Between-group 
analyses were performed on 5 TBI (moderate-severe) and 5 matched HC participants. 
There were no significant between-group differences in performance on the n-back and 
OLM tasks, but medium to large effect sizes were present for both tasks. Regarding 
neural activation during working memory tasks (2-back>0-back contrast), the TBI group 
demonstrated widespread increases in activation in working memory regions (e.g., 
dorsolateral prefrontal cortex, inferior parietal lobule) compared to the HC group. During 
the OLM encoding task (Novel>Repeated) the HC group demonstrated widespread 
increases in activation in regions associated with OLM (e.g., ventral and dorsal visual 
processing streams, prefrontal cortex). This unexpected finding was due to unexpected 
 x 
activity during Repeated trials in the TBI group. Implications are discussed in terms of 
possible lack of expected repetition suppression. Overlay activation maps of the n-back 
and OLM tasks demonstrated several shared regions of activation in fronto-parietal 
regions that are part of a working memory network. The present study supported previous 
findings that patients with TBI demonstrate increased activation during memory and 
working memory tasks compared to the HC. Given the overlap of activation between task 
types and the lack of medial temporal lobe activation between groups on the OLM task, 
differences in encoding OLM after TBI are due to disruptions within a fronto-parietal 
network. These findings have implications on developing memory strategies for 
individuals with TBI.  
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CHAPTER 1: INTRODUCTION 
1.1 Overview 
Traumatic brain injury (TBI) is a significant public health concern in the United 
States, as approximately 1.5 million TBIs (of all severities) occur each year (Rutland-
Brown, Langlois, Thomas, & Xi, 2006). Those who survive often experience persistent 
memory impairment (Millis & Ricker 1994; DeLuca, Schultheis, Madigan, 
Christodoulou, & Averill, 2000; Shum, Harris, & O’Gorman, 2000; Arcia & Gualtieri, 
1993; Vakil, 2005; Zec et al., 2001; Himanen et al., 2006). Memory deficits are 
associated with poorer functional outcome in this population (Wood & Rutterford, 2006; 
Ryan, et al., 1992), presumably because they impede the ability to perform everyday 
activities.  
Neuroimaging research studies over the last decade or so have begun to illuminate 
the neurological changes associated with memory dysfunction after TBI. The overall 
trend in the literature is that those with TBI exhibited greater widespread activation 
during encoding and retrieval tasks compared to healthy controls (Ricker et al., 2001; 
Turner, McIntosh, & Levine, 2011; Russell, Arenth, Scanlon, Kessler, & Ricker, 2011).  
However, the surprisingly sparse research in this area has suffered from differences in 
methodology (e.g., examining activation during encoding vs. retrieval) and data analysis 
techniques (i.e., whole-brain analysis vs. region of interest analysis). Therefore, the 
conclusions made about changes in brain functioning during memory after TBI have been 
general at best.  The specific mechanisms of action and etiology of these changes remain 
unclear.  
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One possibility for further understanding is to turn to the literature on working 
memory after TBI. Much attention has been paid to working memory and functional 
changes in the frontal lobe. The frontal lobes, and their connections to other brain 
regions, are particularly susceptible to damage in TBI, which often results in executive 
functioning and memory deficits (Hart, Whyte, Kim, & Vaccaro, 2005; Stuss et al., 1985; 
Strangman et al., 2009; Strangman et al., 2010; McDonald, Flashman, & Saykin, 2002). 
Imaging studies have demonstrated that after TBI, individuals exhibit greater activation 
in frontal and parietal regions that are involved in working memory processing 
(Christodoulou et al., 2001; McAllister et al., 1999; Maruishi et al 2007; Sanchez-Carrion 
et al., 2008a; Perlstein et al., 2004).  
The purpose of the current study was to investigate neural changes in memory 
processing after TBI in a methodical way. This was accomplished by utilizing a memory 
paradigm with well known neural mechanisms, object location memory (OLM). Using 
such a paradigm in the functional magnetic resonance (fMRI) scanner allowed for 
investigation of the functioning of specific memory-related brain regions including the 
medial temporal lobes (e.g., hippocampus) and fronto-parietal regions known to be 
recruited during visuospatial encoding (Kessels et al., 2008). The current study also used 
a common working memory paradigm, the n-back task, to investigate the contribution of 
working memory to memory encoding because working memory (1) is inherently 
involved in memory encoding (Baddely, 2003) and (2) is known to be disrupted after 
TBI.  
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1.2 Functional Neuroimaging of Memory after TBI 
There are only a handful of neuroimaging studies investigating memory after TBI.  
The earliest imaging studies used positron emission tomography (PET) to investigate 
neural activation during memory tasks. These studies showed that, relative to healthy 
controls, TBI samples demonstrated increased overall activation and recruited additional 
bilateral frontal and posterior cortical areas during word-memory retrieval tasks (Ricker 
et al., 2001; Levine et al., 2002). Another group of investigators has demonstrated that 
during encoding of words and pictures, individuals with TBI show greater bilateral 
activation in the frontal (superior frontal gyri), parietal (supramarginal gyri), and occipital 
lobes (middle occipital gyri), as well as several regions within the temporal lobe and the 
left cerebellum. These differences occurred despite similar behavioral performances with 
healthy controls (Russell et al., 2001; Arenth, Russell, Scanlon, Kessler, & Ricker, 2012). 
Therefore, even in the context of comparable performance, TBI patients show greater 
activation and more recruited brain regions for the same task. 
Much of the study of neural changes in memory functioning after TBI has focused 
on overall differences in patterns of activation. Strangman and colleagues (2009) 
examined the functioning of memory networks using different data analysis techniques. 
They examined encoding after TBI during which some trials were encoded spontaneously 
and others were encoded using a specific strategy. During their initial whole-brain 
analyses, they found that the TBI group recruited similar regions during encoding and 
demonstrated worse behavioral performance overall compared to the healthy controls. In 
a follow-up functional connectivity analysis, they identified regions in the dorsolateral 
prefrontal cortex (DLPFC) and parietal lobe that emerged during between group analyses 
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across conditions and correlated the activity within these regions. They found that when 
participants were instructed to use a strategy to encode word-pairs, there was a lack of 
relationship between DLPFC and parietal lobe activity that the healthy control group had 
demonstrated. This suggests the possibility that changes in neural activity may be related 
to changes in the connectivity within neural networks after TBI.  
Taken together, the TBI imaging literature thus far points to differences in 
activation during encoding that include primarily the frontal and parietal lobes. These 
differences may be due to regional dysfunction or due to changes in communication 
between brain regions in known memory networks. Either way, the patterns are strikingly 
similar to changes observed during working memory tasks after TBI, which will be 
described in the next section. Working memory interacts with the medial temporal lobe 
during encoding (Baddeley, 2003; Baddeley, Jarrold, & Vargha-Khadem, 2011; Fletcher, 
Shallice, Frith, Frackowiak, & Dolan, 1998; Ricker, Hillary, & DeLuca, 2001); therefore, 
it is crucial to consider how a disrupted fronto-parietal working memory network may 
contribute to memory functioning after TBI. 
1.3 Functional Neuroimaging of Working Memory and Changes after TBI 
Working memory is typically defined as the ability to temporarily store and 
manipulate information for a short time. The earliest neuroimaging studies of working 
memory sought to map Baddeley’s (1992) model of working memory to specific cortical 
regions. The well-known model includes the central executive and two sub-systems: a 
visuospatial sketchpad and the phonological loop. The central executive is an attention 
and resource-controlling system. The visuospatial sketchpad stores and manipulates 
visual information and the phonological loop stores and rehearses verbal information.  
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Imaging studies over that last 2 decades have shown that working memory is 
dependent on a neural network that involves the lateral prefrontal cortex (dorsolateral, 
ventrolateral, premotor areas) and medial and lateral posterior parietal lobes (Nystrom et 
al., 2000; D'Esposito et al., 1998; Cerasa et al., 2008; Baddeley, 2003). There are a 
number of effective experimental paradigms to study working memory. This study used 
the n-back task, which requires individuals to constantly maintain and update incoming 
information. The n-back can be manipulated for low and high working memory loads, 
thereby changing the difficulty and cognitive demands of the task. The lowest load 
condition is a 0-back, which requires only selective attention to stimuli (e.g., press a 
button every time you see a “z”). The load can be increased to 1-, 2-, 3-, or even 4- back, 
during which individuals must respond when the item is the same as it was n trials 
previously. In healthy adults, n-back paradigms typically recruit fronto-parietal regions 
including the dorsolateral prefrontal cortex and the posterior parietal lobe (Nystrom et al., 
2000), with load-related increases in activation in these regions (e.g., from 0-back to 2-
back conditions).  
1.3.1 Working Memory in the Frontal Lobes 
 Although there are a number of brain regions involved in working memory, 
dependent on task type, the frontal lobes are invariably involved. Initially, it was 
hypothesized that specific frontal lobe regions are associated with processing working 
memory for different stimulus types (e.g., verbal vs. object, object vs. spatial). It was 
hypothesized that the left frontal lobes would process verbal working memory (i.e., the 
phonological loop) and the right frontal lobes would process object or spatial working 
memory (i.e., the visuospatial sketchpad). However, careful study has revealed that even 
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in studies with some lateralizing findings, there is significant interhemispheric overlap 
regardless of stimulus type (Nystrom et al., 2000; D’Esposito et al., 1998).  The current 
study implemented both verbal and spatial working memory tasks to ensure investigation 
of a widespread working memory network after TBI. 
The frontal lobes do seem to be somewhat divided in terms of other working 
memory aspects. One of the most common results in working memory imaging studies is 
that the ventrolateral prefrontal cortex is primarily involved in storage tasks (e.g., holding 
a short series of numbers in mind), whereas the DLPFC is involved in manipulation of 
information (e.g., continuous updating of information, rearranging stimuli in a specific 
order). In addition, the medial prefrontal cortex is implicated in working memory tasks 
that require selective attention (Owen, 2000; Wager & Smith, 2003). The n-back 
paradigm is ideal for studying working memory because it is known to recruit ventro- and 
dorsolateral frontal regions, as well as medial-frontal regions (Nystrom et al., 2000). 
1.3.2 Working Memory in the Parietal Lobes 
The posterior parietal lobes (i.e., regions posterior to the postcentral gyrus) are 
also crucial for working memory. This region can be further divided into the superior 
parietal lobe, precuneus, intraparietal sulcus and the inferior parietal lobes (including the 
supramarginal and angular gyri). Studies have demonstrated the posterior parietal lobes’ 
involvement in maintaining spatial information (Curtis, 2006) and in working memory 
manipulation (Postle et al., 2006). These processes are mediated by the rich 
interconnections of the parietal lobes with the frontal lobes (Cavada & Goldman-Rakic, 
1989). 
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In a meta-analysis of working memory studies, Wager and Smith (2003) 
examined the neural contributions to different stimulus and task types across 60 PET and 
fMRI studies. They found that the precuneus is involved in both verbal and spatial 
storage, but not object storage. The superior parietal cortex was consistently active in 
tasks requiring the continuous updating, order memory, and manipulation of information 
during working memory. There was a tendency for greater superior parietal lobe 
involvement in spatial versus object working memory; however, both task types recruited 
this region. In short, the parietal lobes are often engaged in a variety of working memory 
tasks across stimulus types.  
1.3.3 Working Memory after TBI 
As noted, working memory is often disrupted after TBI. These deficits are often 
linked to frontal lobe damage and diffuse axonal injury that are so common in closed 
head injuries. In fact, imaging studies have demonstrated changes in frontal and parietal 
lobes during a variety of working memory tasks after TBI (Christodoulou et al., 2001; 
Scheibel et al., 2003; Turner, McIntosh & Levine, 2011; Hillary et al., 2011). 
Several studies have specifically employed n-back tasks to study changes in 
working memory. McAllister and colleagues (1999; 2006) found that individuals with 
mild to moderate TBI demonstrated decreases in activation during a low-load auditory n-
back task (i.e., 1-back) and significantly increased activation during the high-load task 
(i.e., 2-back). Areas of increased activation included right parietal and right DLPFC 
regions. These differences were in the context of comparable behavioral performance on 
the n-back tasks. Other studies have demonstrated similar findings, with individuals with 
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moderate to severe TBI demonstrating increased and more widespread activity during 
high-load conditions (2-back and 3-back) (Perlstein et al., 2004).  
Therefore, the regions that are most responsible for working memory functioning 
seem to be the most susceptible to changes after TBI. Taken together with findings from 
neuroimaging of memory after TBI, fronto-parietal changes are the most prominent 
changes observed during both memory encoding and working memory. To explore the 
contributions of working memory functioning to memory, the current study employed a 
memory paradigm that is known to recruit fronto-parietal regions in a predictable way, 
OLM. 
1.4 Neural substrates of Object Location Memory 
OLM is inherently ecologically relevant and is necessary for a variety of daily 
tasks. It relies on three cognitive processes: 1) identification of the object, 2) 
identification of the spatial location of the object, and 3) the binding of object and its 
location into memory (for a review see Postma, Kessels, & van Asselen, 2008). The 
neural substrates of each cognitive process involved in OLM are well understood. 
Therefore, examining fMRI activation during an OLM task in patients with TBI will 
provide insights to the disrupted neural processes in memory after TBI.   
Individuals with TBI are known to experience deficits in visuospatial memory 
(Skelton, Ross, Nerad, & Livingstone, 2005; Skelton, Bukach, Laurance, Thomas, & 
Jacobs, 2000; Shum et al., 2000), and in paired associates memory (e.g., remembering 
word-word or face-name pairs) (Zec et al., 2001). In addition, those with other types of 
neurological impairment (e.g., mild cognitive impairment, stroke) are known to have 
OLM deficits (Hampstead et al., 2011; Kessels, Postman, Kappelle, & de Haan, 2000; 
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Kessels, de Haan, Kappelle, & Postma, 2001; Kessels, de Haan, Kappelle, & Postma, 
2002). However, the neural substrates of paired associates memory processing (e.g., 
object-location pairs) after TBI have not been addressed in the literature. Therefore, it is 
unclear what underlying neurocognitive process(es) are disrupted in OLM after TBI: 
object identification, spatial location identification, or the binding of the two into 
memory.  
1.4.1 Object Identification  
Object identification is processed via the ventral visual processing stream, which 
is a network that includes areas of the primary and secondary visual cortex that have 
projections to the inferior temporal lobe cortex (e.g., fusiform gyrus) (Mishkin, 
Ungerleider, & Macko, 1983). A deficit in object recognition despite intact intelligence is 
called object agnosia. Although there is a higher incidence rate of agnosia after TBI than 
in healthy controls (McKenna et al., 2006), this type of deficit occurs in individuals with 
focal lesions involving the ventral visual processing stream (occipito-temporal regions) 
(Konen, Behrmann, Nishimura, & Kastner, 2011; Goodale, Milner, Jakobson, & Carey, 
1991). Moderate to severe TBI typically results in diffuse axonal injury, contusions to 
frontotemporal regions, and damage to areas vulnerable to secondary injury (e.g., 
excitotoxicity).  Focal lesions to the occipito-temporal cortex are less common 
(Povlishock & Katz, 2005). In addition, there is no known evidence in the literature to 
suggest that closed head TBI results in perceptual abnormalities (Mani, Miller, Yanasak, 
& Macciochi, 2007). Therefore, it is hypothesized that changes in OLM after TBI are 
unlikely to be caused by disruption in perceptual processing such as object agnosia.  
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1.4.2 Identification of Spatial Location: Interaction with Working Memory 
The next cognitive process involved in OLM is the processing of the spatial 
location, which is associated with the dorsal visual processing stream and mediated by 
the visual cortex and the posterior parietal lobe (Mishkin, Ungerleider, & Macko, 1983). 
Postma and colleagues (2008) also implicate the DLPFC in spatial processing, which has 
rich interconnections to the posterior parietal lobe. In fact, studies have demonstrated 
DLPFC activity during OLM encoding (Hampstead et al., 2011), and that encoding-
related activity in the DLPFC is significantly related to subsequent memory for object 
locations (Sommer, Rose, Glascher, Wolbers, & Buchel, 2005). Therefore, activation of a 
fronto-parietal network during OLM has been implicated in the working memory 
demands of spatial processing, in the active monitoring of information during encoding 
and retrieval (Kessels, Postma, Wijnalda, & de Haan, 2000; Ramsoy et al., 2009). 
As previously discussed, in addition to processing information about spatial 
location, the DLPFC is a cortical region that also mediates working memory. Working 
memory (including the frontal and parietal lobes) interacts with the medial temporal lobes 
during encoding (Baddeley, 2003; Fletcher, et al., 1998; Ricker, Hillary, & DeLuca, 
2001). For example, the parietal lobe is known to have rich interconnection with the 
medial temporal lobes (Seltzer & Pandya, 1984; Cavada & Goldman-Rakic, 1989; Olson 
& Berryhill, 2009), and imaging studies have shown increased activity in the prefrontal 
cortex and medial temporal lobes when information is successfully encoded (Spaniol et 
al., 2009). 
Taken together, these findings suggest that visuospatial memory deficits in those 
with TBI (e.g., Skelton et al., 2000; Livingston & Skelton, 2007) may arise from 
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disrupted prefrontal cortex-poterior parietal lobe functioning. As a result, they may also 
experience working memory deficits.  
1.4.3 Object-Location Binding 
The final step in OLM is the binding of the object and its location into memory 
(Postma et al., 2008; Olson, Sledge-Moore, Stark, & Chatterjee, 2006; Manelis, Reder, & 
Hanson, 2012). Medial temporal lobe structures, particularly the hippocampus, are 
necessary for the formation of new memories (Mayes, Montaldi, & Migo, 2007; Penﬁeld 
& Milner, 1958; Winocur, Moscovitch, & Bontempi, 2010). Patients with moderate to 
severe TBI have been shown to have bilateral hippocampal atrophy that primarily 
involves the hippocampal head (Ariza et al., 2006), a region of the hippocampus that 
seems to be vital for associative memory (Chua, Schacter, Rand-Giovannetti, & Sperling, 
2007). In moderate to severe TBI, verbal memory deficits and memory outcome after 
cognitive rehabilitation are correlated with hippocampal atrophy (Tate & Bigler, 2000; 
Strangman et al., 2010). However, interestingly, functional imaging studies comparing 
memory encoding in TBI and healthy controls have found comparable hippocampal 
activation between groups (Strangman et al., 2009; Russell et al., 2011). In sum, the 
literature points to structural but not functional differences in the hippocampus after TBI; 
however, functional studies have largely focused on whole-brain analysis or ROI analysis 
excluding the hippocampus. Therefore, additional investigation is needed to identify any 
functional changes in hippocampal functioning that may exist after moderate to severe 
TBI. 
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1.5 The Current Study 
It is unknown if OLM is impaired after TBI and whether impairment may be 
caused by a disrupted fronto-parietal working memory network that is necessary for 
OLM and/or from disrupted medial temporal lobe functioning. The current study sought 
to address these questions by identifying differences in functional activity during working 
memory tasks and an OLM task between healthy controls and individuals with TBI. 
Furthermore, the current study investigated the contribution of frontal lobe functioning to 
OLM by comparing neural activation during working memory and OLM tasks. This was 
the first known study to investigate in a methodical way differences in functioning in 
specific memory-related regions during memory encoding.  
The primary implication of this study was to inform the development of strategies 
for cognitive rehabilitation of memory after TBI. If, as hypothesized, OLM deficits 
resulted from a disrupted fronto-parietal network that is recruited during working 
memory, the most effective cognitive rehabilitation programs will use strategies to 
enhance working memory functioning at encoding. In contrast, if OLM deficits resulted 
from disrupted hippocampally-mediated object-location binding, then the most effective 
strategies might use external devices (e.g., notebooks) for aiding memory. 
1.5.1 AIM 1 
The first aim was to investigate the presence and nature of working memory 
deficits after TBI. This aim was tested by comparing neural activity and performance on 
two tasks of working memory (spatial n-back and verbal n-back) in healthy controls (HC) 
and TBI. This was the first known study to map working memory by combining verbal 
and spatial tasks. By utilizing these working memory paradigms, we were able to map a 
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specific cognitive ability that is often disrupted after TBI and that appears to be critical 
for OLM. It was hypothesized that individuals with TBI would demonstrate increased 
activation in the areas known to be associated with working memory relative to HC. 
Specifically, this hyperactivation would occur within the DLPFC (superior and middle 
frontal gyri, premotor and supplementary motor areas), the ventrolateral prefrontal 
cortex, and bilateral superior and inferior posterior parietal lobes.  Other areas of 
activation could include bilateral precuneus, insula, and thalamus, and anterior cingulate 
cortex (Nystrom et al., 2000; D'Esposito et al., 1998; Cerasa et al., 2008).  
1.5.2 Aim 2 
 The second study aim was to investigate the presence and nature of OLM 
differences in individuals with TBI versus healthy controls (HC). This aim was addressed 
by comparing neural activity and performance during encoding of object-location 
memory (OLMs) in HC and TBI. Participants completed an OLM encoding task in the 
fMRI scanner and then a retrieval task outside of the scanner one hour later. It was 
hypothesized that that activation patterns in neural functioning would be similar to those 
observed in other imaging studies of memory after TBI. Specifically, the TBI group 
would likely recruit specific cortical areas known to be associated with OLM (e.g., 
inferior and medial temporal, posterior/superior parietal, DLPFC); however, compared to 
HC, the TBI group would recruit additional regions within a fronto-parietal network. 
1.5.3 Aim 3 
  The third aim was to determine if OLM and working memory tasks recruit similar 
brain regions. Both tasks are known to recruit a fronto-parietal network; however it is 
unknown the extent to which there is overlapping functioning between these two kinds of 
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tasks. It was hypothesized that the additional areas of recruitment observed during the 
OLM task would be similar to the additional areas of recruitment observed during the 2-
back task. This would indicate that these areas of additional activation are functionally 
meaningful, as they are recruited during functionally similar tasks.  
CHAPTER 2: METHODS 
2.1 Participants 
A total of 19 right-handed males between the ages of 21 and 36 years of age 
participated in this study. TBI participants (n = 7) were recruited from Emory University-
affiliated hospitals including the Atlanta VAMC and Grady Memorial Hospital, as well 
as from the Brain Injury Association of Georgia. Five participants completed fMRI 
scanning and two participants completed behavioral version of the study without 
scanning.  
A total of 20 individuals with TBI were contacted to participate in the study. Nine 
of the screened individuals did not meet inclusion criteria (e.g., were involved in 
litigation, left-handed, co-morbid neurological/psychiatric disorders) or declined to 
participate. The remaining 11 individuals completed the screening session. Of those, five 
were eligible to participate in the scanning session and they completed the study. Three 
were not eligible for the scanner because of metal implants in the cranial vault (e.g., 
titanium screws from a craniotomy); however, they were eligible to complete the study 
behaviorally (outside of the scanner). One of these participants could not be contacted to 
return for the second session. Of the other three individuals who were screened, two did 
not demonstrate any memory impairment and one was involved in litigation. 
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Please refer to Table 1 for characteristics of each participant in the TBI group. 
TBI severity was based on the lowest Glasgow Coma Scale (GCS; Teasdale and Jennett 
1974) in the first 24 hours after injury or documented loss of consciousness of greater 
than 30 minutes. Severe injuries included those with GCS of 3 to 8 or LOC of >24 hours. 
Moderate injuries included those with GCS of 9 to 12 or LOC between 30 minutes and 24 
hours. Five participants suffered severe TBI and two suffered moderate TBI based on 
these criteria. All TBI participants were at least 6 months post-injury. Where available (n 
= 6), participants demonstrated significant neuroimaging findings on CT/MRI. All 
information was verified by medical records. TBI participants also presented with 
memory impairment during the neuropsychological screening session, as defined by 
performing 1 standard deviation below the mean on at least one memory index of the 
Repeatable Battery for the Assessment of Neuropsychological Status (RBANS), as both 
the immediate memory index and delayed memory index are sensitive to memory 
impairment after TBI (McKay, Wertheimer, Fichtenberg, & Casey, 2008). 
Control participants (n = 12) were recruited with postings in the community. 
These participants were fully intact on their neuropsychological profiles and had no 
history of TBI of any severity.   
All participants were required to score within normal limits on the Beck 
Depression Inventory – II (Beck, Steer, & Brown, 1996), the Beck Anxiety Inventory 
(Beck & Steer, 1990), and the Alcohol use disorders Identification Test-Second Edition 
(AUDIT; Babor, Higgins-Biddle, Saunders, & Montiero, 2001). All participants scored 
within the valid range on a measure of effort, the Test of Memory Malingering 
(Tombaugh, 1996). In addition, they demonstrated intact visual sensation and perception 
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on tests of visual stimulation and stimulus recognition with the exception of one TBI 
participant who demonstrated right visual field homonymous hemianopsia (with 
demonstrated intact stimulus recognition and spatial perception).  
General exclusion criteria included a history of neurologic injury or disease (e.g., 
stroke, epilepsy), psychiatric disorders (e.g., severe depression, bipolar disorder, 
schizophrenia), current or past alcohol or drug abuse, a history of learning/developmental 
disorders, or current involvement in litigation. The Institutional Review Board of Emory 
University and the Research and Development Committee of the Atlanta VAMC 
approved the study. All participants provided written informed consent. All data collected 
from participants were confidential, following Health Insurance Portability and 
Accountability Act (HIPAA) and privacy procedures outlined by the Atlanta VA and 
Emory University institutional review boards. 
2.2  Materials and Procedures 
Participants were evaluated by the study researcher or a trained research assistant 
in facilities belonging to Emory University. There were two sessions that occurred on 
different days. During Session 1, participants provided written informed consent. They 
completed a structured interview. Finally, they completed a neuropsychological 
screening. After session 1, medical records for TBI participants were obtained. Eligibility 
for the study was determined by a consensus of the study researcher and a board certified 
clinical neuropsychologist. If the participant was eligible based on the information 
gathered in session 1 and records review, session 2 was scheduled. The researcher 
contacted non-eligible participants by phone to inform them and they received 
compensation for their time during session 1.  
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During session 2, participants completed OLM and working memory tasks in the 
fMRI scanner, and then they completed a recognition memory task outside of the 
scanner. Two of the TBI participants completed session 2 procedures outside of the 
scanner. 
2.2.1 Neuropsychological Tests 
Neuropsychological functioning (including memory, visuospatial/constructional 
skills, language, and attention) was assessed using the Repeatable Battery for the 
Assessment of Neuropsychological Status (RBANS) (Randolph, Tierney, Mohr, & 
Chase, 1998), which is sensitive to the cognitive sequelae of TBI (McKay, Wertheimer, 
Fichtenberg, & Casey, 2008). The Wechsler Test of Adult Reading (WTAR) (Wechsler, 
2001) was used to estimate premorbid intellectual functioning. Executive functioning was 
assessed using the Wisconsin Card Sorting Test (WCST) (Heaton, Chelune, Talley, Kay, 
& Curtis, 1993). Vision and stimulus recognition were assessed with a brief screening 
(visual fields, unilateral and bilateral visual stimulation, visual acuity, 
object/face/landmark/finger recognition). Mood was assessed using the Beck Depression 
Scale, 2
nd
 Edition (BDI-II) (Beck, Steer, & Brown, 1996) and the Beck Anxiety 
Inventory (BAI) (Beck & Steer, 1990). Effort was assessed using the TOMM 
(Tombaugh, 1996). The Memory Assessment Clinic Self and Family Rating Scales 
(MAC-S, MAC-F) (Crook & Larrabee, 1990, 1992) and the Memory Strategies and 
Concerns Questionnaire (MSCQ) (Stringer, 2007) were used to assess everyday memory. 
The MAC-F was completed by someone who has frequent contact with the participant 
and knows him well (e.g., significant other, parent, close friend). 
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N-back Working Memory Tasks 
The spatial and verbal n-back tasks developed for this study are similar to those 
used in previous research (Kwon et al, 2001; Postle, Stern, Rosen, & Corkin, 2000; 
Nystrom et al., 2000). Participants attended to sequences of serially presented visual 
stimuli. As with many n-back paradigms, there were two conditions for each stimulus 
type (spatial and verbal): 0-back and 2-back. The 0-back was intended as a control 
condition that placed minimal demands on working memory. Compared to the 0-back 
task, the 2-back task required participants to maintain and update the order and identity of 
several stimuli at a time. For all conditions, participants were instructed to look at a 
central fixation cross between presentations of the stimuli. Prior to entering the scanner, 
participants completed practice trials of the n-back tasks on a laptop to ensure that they 
understood the task.  
During the spatial n-back, a 1” x 1” white square on a black background was 
presented in one of 8 locations around the center of the screen (a 3 x 3 grid without the 
center). In the 0-back condition, participants decided if the location of the square matched 
one of two target locations (bottom left or top right) that were specified before beginning 
the task. They pressed a button every time one of the target locations occurred (Figure 
1a). During the 2-back condition, participants pressed a button if a presented square was 
in the same position as the square presented two stimuli previously (Figure 1b). 
During the verbal n-back, one of 8 capital block letters appeared one at a time in 
white on a black background. In the 0-back condition, participants were instructed to 
press a button every time they saw one of two target letters that was specified before the 
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start of the task (Figure 2a). During the 2-back condition, participants pressed a button if 
a presented letter was the same as the letter presented two stimuli previously (Figure 2b). 
The n-back task was in an fMRI block design. There were four imaging runs 
(spatial 0-back, 2-back; verbal 0-back, 2-back). At the beginning of each run, instructions 
were presented for 2 seconds followed by 4 30-second blocks. Each block consisted of 15 
trials of stimuli. For each trial, there was a 1-second presentation of the stimulus and 1- 
second inter-stimulus interval (fixation cross). Participants responded to targets by 
pushing a button on a keypad with the right index finger. There was a 20 second rest 
period after each block with a total time for each run of 3 minutes 22 seconds. 
2.2.2 Object Location Memory (OLM) Task 
The OLM task was designed as an ecologically-relevant memory task that would 
emulate the kinds of memory demands that people experience in their daily lives. During 
the task, participants viewed and were instructed to learn the locations of multiple objects 
within various room settings that were presented to them on a computer screen. This task 
was previously validated as a measure of learning and memory in both healthy elderly 
and patients with amnestic mild cognitive impairment (Hampstead et al., 2011). In 
addition, this task is similar to previous ecologically-relevant studies on object location 
memory (Caldwell & Masson, 2001; Kessels, Boekhorst & Postma, 2005). 
The object stimuli were 64 color photographs of common household objects. The 
names of objects were chosen from the MRC Psycholinguistic Database: Machine Usable 
Dictionary Version 2.00 (http://www.psy.uwa.edu.au/mrcdatabase/mrc2.html). This 
website lists and quantifies words by several qualities including word length, number of 
syllables, frequency of use, familiarity, concreteness, age of acquisition, and part of 
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speech. Once the names were chosen, prototypical pictures of those objects were found as 
the stimuli. All of the selected objects could reasonably be found in at least two rooms of 
a house.  
The rooms were designed to be realistic, 3-dimensional images of eight rooms: 
bathroom, bedroom, dining room, garage, kitchen, laundry room, living room, and office. 
Two of each room was created for a total of 16 rooms. These pictures were created using 
a design program (www.Plan3d.com), which allowed for control over room features (e.g., 
furniture, windows, and layout). Within each room, four locations were selected that were 
reasonably spaced apart and spanned the width, and when possible, the height of the 
rooms.  
Four objects were assigned to each room. Each object was then pseudorandomly 
assigned to one of the four locations in its assigned room. The particular object in its 
specific location did not change. Any of the objects chosen for a given room could 
reasonable go in any of the four locations. This was done intentionally in order to 
minimize the influence of implicit semantic association between an object and location. 
In addition to the 64 stimuli created, an additional 2 object locations were created to be 
used as perceptual control stimuli, as they will be presented multiple times throughout the 
sessions (referred to as the “Repeated stimuli”).  
2.2.3 OLM Encoding fMRI Paradigm 
Before entering the scanner, participants completed practice trials of the OLM 
encoding task using the Repeated stimuli to ensure that they understood the task. The 
OLM encoding task was in an event-related fMRI design separated into 4 functional runs. 
Participants saw 64 OLMs and 32 presentations of the Repeated stimuli (control 
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condition). Within each of the 4 functional runs, there were 16 object location trials and 8 
trials of the repeated stimuli. First, the object was presented for 2 seconds to ensure 
proper identification. Immediately following they saw the object in its location for 4 
seconds (Figure 3). There was an 8 second inter-stimulus interval and six randomly 
interspersed 10-s baseline periods (that allow for signal normalization). During encoding 
the participant was instructed to push a button when they saw each object in its location. 
This was to ensure that participants remain awake and attentive during encoding. There 
was a 20-second rest period between each run.  The order of presented runs was 
counterbalanced across participants. The entire encoding session lasted approximately 25 
minutes.                
2.2.4 OLM Retrieval Behavioral Paradigm 
After completing the encoding session participants were removed from the 
scanner. Approximately 1 hour after the encoding session, participants completed a 
retrieval task for the OLMs that they saw in the scanner. For each trial of the retrieval 
task, they saw the object for 2 seconds immediately followed by an image of the room 
with boxes located in 3 places throughout the room for 4 seconds (Figure 4). Participants 
used a key pad to indicate the number of the location corresponding to where the object 
was located. The behavioral dependent variable was the percent accuracy for the retrieval 
task. Finally, after the retrieval task was completed participants were asked what, if any, 
strategies they used when trying to learn and recall the OLM stimuli. 
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2.3 fMRI Procedures 
Prior to entering the scanner, participants received detailed instructions for 
scanner procedures and their questions were answered. The MRI technologist placed the 
participant according to our standard protocol. Neuroimaging was performed using a 
Siemens Trio 3T MRI scanner (Siemens Medical solutions, Malvern, PA) at Emory 
University. The scanners have a 12-channel head coil. Blood oxygenation level-
dependent (BOLD) contrast, T2*-weighted functional images were collected using a 
single shot, gradient-recalled, echo-planar imaging (EPI) sequence with the following 
parameters: 2000 ms repetition time (TR), 30 ms echo time (TE), 220 mm field of view 
(FOV) 90
◦ 
flip angle (FA) 29 axial slices of 4 mm thickness, 3.4 mm x 3.4 mm in-plane 
resolution, and 64 x 64 in-plane matrix. Anatomic images were acquired using 
magnetization-prepared rapid acquisition with gradient echo (MPRAGE) sequence (TR 
2300 ms, TE 3.9 ms, inversion time (TI) 1100 ms, FA 8
◦
) consisting of 176, 1mm-thick, 
sagittal slices (FOV 256 mm, in-plane resolution 1 mm x 1 mm, in-plane matrix 256 x 
256). The scanner triggered the software that presented the n-back tasks and OLM runs 
(Neurobehavioral systems, Inc., Albany, Ca.) so that stimuli and scans were 
synchronized. Participants made responses using a button box. In some cases, participants 
were provided with fMRI compatible glasses for viewing stimuli. The entire fMRI 
session lasted approximately 1 hour (including anatomical scans, n-back task, and OLM 
encoding task). 
2.4 Statistical Analyses 
 The primary aims of the study focused on between group differences in neuronal 
activity during different tasks after TBI. For this pilot investigation, imaging data were 
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collected from five participants with TBI. To counter any effects that may have existed 
due to the disproportionately larger HC group (more than double the size), all of the 
between-group  analyses were conducted using the five individuals in the TBI group and 
five age, education, and estimated IQ (WTAR)- matched HC participants. 
For the n-back task, the aim of this study was to map overall working memory 
performances regardless of stimulus type (spatial or verbal). Behavioral and fMRI data 
for the spatial and verbal n-back tasks were combined for analyses based on preliminary 
data analysis that demonstrated (1) a lack of statistically significant difference in 
behavioral performance between spatial and verbal tasks, (2) a lack of difference in brain 
activation between spatial and verbal tasks (Spatial (2-back > 0-back) > Verbal (2-back > 
0-back)) for the 12 healthy control participants (fixed effects GLM, corrected for multiple 
comparisons using the false discovery rate (FDR) method (q < 0.05) (Genovese, Lazar, & 
Nichols, 2002)), and (3) reports from the majority of participants (100% of the 5 TBI and 
83% of the 12 HC) that verbal strategies were used to encode OLM stimuli. This 
suggested that the OLM task was not exclusively visuospatial and that participants also 
likely utilized verbal processing during encoding. Therefore, the OLM task likely 
recruited brain regions involved in verbal and visuospatial processing. 
2.4.1 Behavioral Data Analyses 
Demographic and behavioral data were analyzed with SPSS Statistics 18 
software. Results were interpreted with an alpha level of 0.05, two tailed. Due to small 
sample sizes, between group differences (TBI vs. HC) for demographic variables (i.e., 
age, years of education), and neuropsychological functioning (e.g., estimated IQ), were 
determined using multiple non-parametric independent samples Mann-Whitney U tests.  
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Performances on the spatial n-back and verbal n-back tasks were combined in a 
composite score that was the mean performance for both tasks. Composite scores were 
calculated for percent accuracy and response time in seconds. The purpose of including 
0-back and 2–back trials for each n-back task was to compare performance and neural 
activation for working memory versus attention. To parse out the difference between 
attention and working memory performance difference scores for 2-back minus 0-back 
results were also calculated. These difference scores were analogous to the fMRI 
contrasts that specifically looked at 2-back minus 0-back conditions. Results for percent 
accuracy and response time on the n-back working memory tasks were analyzed using 
two 2 (load) x 2 (group) repeated measures analysis of variance (RM ANOVA). 
Difference scores on the n-back task and behavioral performances on the OLM task 
(percent accuracy and response time) were analyzed using a one way ANOVA. 
2.4.2 fMRI Data Analyses 
Imaging data were analyzed using BrainVoyager QX (Brain Innovation, 
Maastricht, The Netherlands) software. Functional runs were motion corrected in real 
time using Siemens 3D-PACE (prospective acquisition motion correction). For each 
participant, the functional images were realigned to the first image of the series. Images 
were preprocessed using trilinear interpolation for motion correction, sinc interpolation 
for slice scan time correction, and high pass temporal filtering to 2 cycles/run. They were 
then co-registered with anatomical images and transformed into Talairach space 
(Talairach & Tournoux, 1988).  
Statistical group analyses used either a random effects (for the 12HC group) or 
fixed effects (for between group analyses) general linear models (GLMs). Areas of 
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activation were considered if a cluster contained at least 10 active voxels. Activation 
maps for specific contrasts are described below. 
As the OLM task was in an event related design, encoding trials could be 
analyzed individually. Therefore, for the purposes of encoding analysis, Novel trials were 
defined as those encoding trials that each participant later correctly recalled during the 
retrieval task. Incorrect trials during the retrieval task were not included. This was to 
lessen concern that any differences may be due to overall differences in performance. The 
OLM contrasts were Novel versus Repeated stimuli (or Novel > Repeated) to subtract out 
activation due solely to stimulus perception (control condition).  
Before testing the proposed aims of the study, initial analysis on the 12 HC 
participants was performed. The purpose of this was to replicate previous findings 
demonstrating neural activation during working memory and OLM tasks. Two random 
effects GLMs were performed: (1) within-group 2-back > 0-back contrast for the n-back 
tasks using a significant threshold of p < 0.05 corrected for multiple comparisons using 
and FDR of  q < 0.05, and (2) within-group Novel > Repeated contrast for the OLM task, 
also using a significant threshold of p < 0.05 corrected for multiple comparisons using an 
FDR of q < 0.05.  
To test the primary study hypotheses, the remainder of analyses were performed 
using fixed effects GLMs. This is a less conservative analysis than the random effects 
GLM and results only describe the current study sample rather than generalizing to the 
population. The reason for this was the small sample size of the TBI group, which would 
not result in enough power for a random effects analysis. As previously noted, the 
between-group analyses were performed using the 5 individuals in the TBI group and 5 
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age, education, and estimated IQ- matched HC participants. Finally, the initial study 
proposal included analyses to correlate behavioral performances with beta-weight values 
of specific activation areas. The current small sample size precluded this type of analysis. 
Instead, BOLD signal time courses were extracted from representative regions for each 
contrast. These are presented as graphs in the results section. These time course graphs 
describe activation patterns over time in a given area for a specific stimulus or condition. 
They are descriptive in nature and only describe to this study sample’s performances (i.e., 
data in the time course graphs are not generalizable).  
Similarly to the behavioral data analysis, contrasts examining working memory 
(2-back > 0-back) combined the spatial and verbal tasks.  
For the first two study aims 2 fixed effects GLMs were performed: (1) between-
group TBI (2-back > 0-back) > 5HC (2-back > 0-back) contrast for the n-back tasks using 
a significant threshold of p < 0.05 corrected for multiple comparisons an FDR of q < 
0.001, and (2) between-group TBI (Novel > Repeated) > 5HC (Novel > Repeated) 
contrast for the OLM task, also using a significant threshold of p < 0.05 corrected for 
multiple comparisons using an FDR of  q < 0.001.  
For the third aim of the study, 2 fixed effects GLMs with the TBI group data were 
performed: (1) with-group 2-back > 0-back contrast for the n-back tasks using a 
significant threshold of p < 0.05 corrected for multiple comparisons an FDR of q < 0.001, 
and (2) within-group Novel > Repeated contrast for the OLM task, also using a 
significant threshold of p < 0.05 corrected for multiple comparisons using an FDR of  
q < 0.001. To describe the regions common and different to both tasks, the resulting 
activation maps were overlaid.  
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CHAPTER 3: RESULTS 
3.1 Group Characteristics 
Demographic and neuropsychological data are provided in Table 2. The matched 
groups (TBI n = 5; HC n = 5) were comparable in age, years of education and estimated 
IQ. The TBI group demonstrated profound deficits in learning and memory, with 
impairments also evident in visuospatial/construction (owing to errors on figure copying) 
and language (owing to reduced semantic fluency). Measures of attention and executive 
functioning were comparable between groups. The TBI group and their significant others 
also reported greater memory difficulty in everyday life on memory questionnaires. 
3.2 Behavioral Results 
Table 3 provides results of the n-back and OLM tasks. For the n-back tasks, there 
were no between-group differences for accuracy (F1,8 = 0.76, p = .41, pη
2
= .09) or 
response time (F1,8 = 0.26, p = .64, pη
2
= .03). There were also no significant main effects 
of load for accuracy (F1,8 = 4.35, p = .07, pη
2
= .35) or response time (F1,8 = .18, p = .69, 
pη2= .02). There were no significant interactions for accuracy (F1,8 = 0.70, p = .43, pη
2
= 
.08) or response time (F1,8 = 1.58, p = .24, pη
2
= .17). Finally, when looking at difference 
scores there were no significant between group differences in accuracy (F1,8 = 0.70, p = 
.43, pη2= .08) or response time (F1,8 = 1.58, p = .24, pη
2
= .17). For the OLM task, there 
were no significant between group differences for overall task accuracy (F1,8 = .93, p = 
.37, pη2= .12). Although there were no significant differences, estimates of power in the 
medium to large range for some caparisons indicate that the study was underpowered due 
to small sample size (Table 3).   
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3.3 fMRI Results 
3.3.1 12 Healthy Controls 
  For the working memory 2-back > 0-back contrast, the 12HC group 
demonstrated largely bilateral areas of activation in the dorsolateral prefrontal cortex 
(superior and middle frontal gyri), the precentral gyrus, insula, parietal lobe (intraparietal 
sulcus and precuneus), caudate nucleus, and cerebellum (Figure 5, Table 4). 
 For the OLM Novel > Repeated contrast, the 12HC demonstrated widespread, 
bilateral activation within visual processing regions. In addition to multiple occipital lobe 
regions (superior, middle, and inferior occipital gyri), areas of activation within the 
ventral visual stream included the inferior temporal gyrus, parahippocampal gyrus, 
collateral sulcus, and the fusiform gyrus. Areas of activation in the dorsal visual 
processing stream included the superior parietal lobule and the intraparietal sulcus 
(Figure 5, Table 5). There were also several frontal lobe regions with activation including 
the superior frontal gyrus and middle frontal gyrus, as well as surrounding the central 
sulcus (precentral and postcentral gyri). The 12HC also demonstrated activity in several 
subcortical structures including the hippocampus, amygdala, and thalamus. 
3.3.2 TBI 
 For the working memory 2-back > 0-back contrast, the TBI group demonstrated 
similar activation to the HC. There were large bilateral areas of activation in the 
dorsolateral and ventrolateral prefrontal cortex (superior, middle, and inferior frontal 
gyri, orbital gyri), the precentral gyrus, insula, parietal lobe (superior parietal lobule, 
intraparietal sulcus, inferior parietal lobule, and precuneus), thalamus, and cerebellum 
(Figure 5, Table 6). There were additional areas of activation in the basal ganglia 
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(caudate nucleus, globus pallidus, putamen), and the ventral visual stream (fusiform 
gyrus, collateral sulcus, inferior temporal gyrus, inferior and fourth occipital gyri).  
 Similar to the 12HC group, for the OLM Novel > Repeated contrast, the TBI 
demonstrated bilateral activation within visual processing regions. These included 
occipital lobe regions (superior, middle, and inferior occipital gyri), the ventral visual 
stream (parahippocampal gyrus, collateral sulcus, and the fusiform gyrus) and the dorsal 
visual processing stream (intraparietal sulcus, inferior parietal lobule) (Figure 5, Table 7). 
There were also several frontal lobe regions with activation including the inferior frontal 
gyrus, as well as surrounding the central sulcus (precentral gyrus). The TBI did not 
demonstrate activity in subcortical structures.   
3.3.3 n-back Task: TBI vs. 5HC 
Between-group differences in activation can be seen in Figure 6 and Table 8. The 
overall pattern of activation is similar to the individual group activations; however, the 
TBI group demonstrated significantly more activity in several of these regions than the 
HC group. Specifically, the TBI group demonstrated greater cortical activity in the frontal 
lobes (middle frontal gyrus, inferior frontal gyrus, lateral orbital gyrus), around the 
central sulcus (precentral and postcentral gyri), the thalamus, inferior parietal lobule, and 
the occipital lobe. BOLD signal time course graphs (Figure 6) indicated that within these 
regions, the TBI group recruited these regions specifically during the 2-back conditions, 
whereas activity was at or below baseline during the 0-back conditions. In the HC 
participants, these regions were not recruited during either condition. There were also 
several regions that were more active in the HC participants, which included bilateral 
superior frontal gyrus, bilateral superior parietal lobule, and left precuneus. This is 
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consistent with previous research that TBI patients demonstrate differences in activation 
during working memory tasks, with widespread increases in activation compared to 
controls participants (e.g., McAllister et al., 2006). 
3.3.4 OLM Task: TBI vs. 5HC 
The overall pattern of activation is similar to the individual group activations. 
Although the TBI group demonstrated some areas of increased activation (Figure 7, 
Table 9a), the HC group demonstrated significantly more regions of greater activity 
compared to the TBI (Figure 8, Table 9b), which was an unexpected finding. 
Areas with greater activation in the TBI group included the medial and inferior 
frontal gyri, inferior parietal lobule, and the superior occipital gyrus. BOLD signal time 
course graphs (Figure 7) indicated that activity within these regions varied. For example, 
in the medial frontal gyrus and in the inferior parietal lobule, the HC showed a pattern of 
reduced activation during Novel trials with small increases in activation during repeated 
trials, which would result in a negative Novel > Repeated outcome. The TBI group 
showed similar patterns of activation for both Novel and Repeated stimuli in these areas.  
In the occipital lobe, HC showed a reduction in activation during both stimulus types, 
whereas the TBI showed increase in activation for both stimulus types. 
Areas with greater activation in the HC group included the bilateral frontal lobe 
(superior and middle frontal gyri, precentral gyrus) and regions associated with the dorsal 
(superior and inferior parietal lobule, intraparietal sulcus), and ventral visual processing 
streams (fusiform gyrus, collateral sulcus, parahippocampal gyrus), as well as the 
occipital lobe. BOLD signal time courses graphs (Figure 8) indicated that within these 
regions, the HC group tended to show greater activity for Novel stimuli and reduced 
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activity (at or below baseline) during the Repeated stimuli. In contrast, the TBI group 
showed increased activation for both the Novel and Repeated stimuli in these regions. 
The lack of difference between the Novel and Repeated stimuli in the TBI group 
accounted for the dominance of increased activity overall for the HC group in this 
contrast. This finding is further explored in subsection 3.3.6 Supplementary Analysis on 
an Incidental Finding. 
3.3.5 Overlay Activation Maps of n-back and OLM Tasks 
 The overlay maps for HC were conducted with the data from the 12 HC. These 
contrasts were done using random effects GLMs. Areas of overlapping activation (Figure 
5, Table 10a) included frontal lobe regions (L superior frontal gyrus, R inferior frontal 
gyrus, and L precentral sulcus), the L insula, and several regions along the intraparietal 
sulcus, bilaterally. 
 The overlay maps for the TBI were conducted using fixed effects GLMs; 
therefore, the more widespread activation seen in Figure 5 are likely due to the less 
conservative nature of the GLM. Nevertheless, overlapping regions were observed in 
similar regions as the 12HC (Table 10b). These included bilateral frontal (superior and 
inferior frontal gyri, inferior frontal sulcus, precentral sulcus, precentral gyrus) and 
parietal (precuneus, intraparietal sulcus, inferior parietal lobule) areas. Additional regions 
of overlapping activation were noted in the ventral visual processing stream (inferior 
temporal gyrus, fusiform gyrus, and the superior, middle and inferior occipital gyri). 
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3.3.6 Supplementary Analysis on an Incidental Finding: Possible Repetition Suppression 
Deficits in the TBI Group 
 As noted, the between group contrast for the OLM task yielded unexpected 
results. Rather than increased activation in the TBI group, the results showed that the HC 
demonstrated more widespread and greater activation in areas associated with OLM 
(regions in the frontal and parietal lobes). Upon examination of the BOLD signal time 
course graphs for the regions of greater activation in the HC group, a pattern emerged 
that warranted further investigation. Specifically, the TBI group demonstrated increased 
activity in these regions for both the Novel and Repeated stimuli.  
Repeated stimuli are used as a control baseline condition for comparison because 
it is well established that after multiple exposures of a visual stimulus, there is a 
reduction, or adaptation, in neural activity in neurons that process that type of 
information. This phenomenon is called repetition suppression (Miller & Desimone 1994; 
Thompson-Schill, D’Esposito, & Kan 1999; Rice, Valyear, Goodale, Milner, & Culham, 
2007). The finding that the TBI group demonstrated increases of activity during the 
Repeated stimuli led to a working hypothesis that TBI may not demonstrate repetition 
suppression like healthy brains do. If this hypothesis is correct, then the reason for the 
results of the original OLM contrast is a lack of repetition suppression in the TBI group. 
As a supplemental, exploratory analysis to test this hypothesis, a fixed effects 
GLM was conducted. This was a between group contrast of Novel trials only: TBINovel > 
HCNovel contrast using a significant threshold of p < 0.05 corrected for multiple 
comparisons an FDR of q < 0.001. 
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The resulting activation maps showed that the TBI demonstrated significantly 
more activity across widespread cortical and subcortical regions than the HC during 
Novel trials (Figure 9, Table 11a). This included regions in the frontal (superior, middle, 
inferior frontal gyri, medial frontal gyrus, precentral sulcus), around the central sulcus 
(precentral and postcentral gyri), insula, temporal (superior, middle, and inferior temporal 
gyri), posterior parietal (superior and inferior parietal lobules, intraparietal sulcus, 
precuneus), additional regions in the ventral processing stream (fusiform gyrus, collateral 
sulcus), and the occipital lobe (inferior, middle, superior, and fourth occipital gyri). There 
were also several subcortial regions including the thalamus, caudate, putamen, and 
cerebellum.  
The HC demonstrated several regions that were more active than in the TBI 
group. These regions were primarily located in the frontal lobe (superior, middle, inferior 
frontal gyri, orbital sulcus) and in the dorsal (intraparietal sulcus, inferior parietal lobe) 
and ventral (collateral sulcus, fusiform gyrus) visual pathways.  
3.4 Results Summary 
In summary, behavioral performances on the OLM and n-back tasks were not 
significantly different between groups, but effect sizes for both tasks were in the medium 
to large range. With regard to brain activation, during the n-back tasks, the TBI group 
demonstrated increased activation, particularly in the frontal and parietal lobes. For the 
OLM task, the 5 HC demonstrated greater activity for the initial contrast; however the 
TBI failed to demonstrate expected repetition suppression, which likely accounted for 
this finding. When repetition suppression was eliminated from the contrast, the TBI 
participants showed widespread increases in activation in multiple cortical and 
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subcortical regions, consistent with previous research. However, there were no between 
group differences in hippocampal activity for either of the contrasts performed. This 
suggested that differences in OLM processing in the perception of object and spatial 
location, but not in hippocampally-dependent encoding. For the n-back and OLM overlay 
maps, both groups showed overlapping areas of activation in frontal and parietal regions 
known to be associated with working memory, as well as in other visual processing areas 
including the occipital lobes and inferior temporal lobes.  
CHAPTER 4: DISCUSSION 
 The current study used an object location memory paradigm to study encoding 
after TBI. This study also investigated the contributions of frontal lobe functioning to 
memory encoding by investigating working memory in a TBI group. By overlaying 
activation maps of these two tasks, this study was the first to demonstrate shared 
functioning of specific brain regions during memory encoding and working memory. 
Consistent with hypotheses, there were several overlapping regions within known 
working memory networks in each group. Finally, there was an incidental finding that 
TBI may not show repetition suppression. This study was a pilot exploration; therefore, 
small sample size, particularly in the TBI group likely contributed to lack of between 
group differences on the behavioral experimental measures, the n-back and OLM tasks. 
The lack of difference in behavioral performance means that the differences observed in 
neural activation are not due solely to overall performance, but in differences in 
processing the task.  Other studies have shown similar results during working memory 
(Maruishi et al., 2007; McAllister et al., 1999) and episodic memory (Russell et al., 2011) 
tasks. The remainder of the discussion will pertain specifically to the imaging results.  
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4.1 Working Memory 
The first aim sought to examine differences in working memory functioning after 
TBI.  Consistent with expectations, the HC group demonstrated activity in regions 
previously identified as being recruited in n-back paradigms including the DLPFC 
(superior and middle frontal gyri) and parietal lobes (intraparietal sulcus and precuneus). 
There were also regions of activation that were greater in the 2-back condition in the 
insula, cerebellum and thalamus, regions that are known to subserve working memory 
processes (D’Esposito et al., 1998; Wager & Smith, 2003). 
Between group analyses showed additional areas of activation in the TBI group in 
the bilateral frontal (DLPFC and ventrolatereal PFC), parietal (inferior parietal lobule), 
and occipital lobes, which is consistent with previous research (McAllister et al., 1999; 
McAllister et al., 2006). However, the novel component to the current study is the 
combination of verbal and spatial working memory tasks. Several studies have shown 
that TBI patients tend to show greater activation particularly in the right hemisphere 
relative to healthy controls (e.g., Perlstein et al., 2004; Christodoulou et al., 2001; 
Maruishi et al., 2007); however such studies typically use verbal n-back tasks during 
which participants see or hear letters. Such results would mean that TBI patients show 
more bilateral findings when compared to healthy controls during verbal tasks. The 
results of this study demonstrated that in a general working memory network (regardless 
of stimulus type), TBI patients show bilateral increases in activation in frontal and 
parietal lobe regions. The TBI group showed greater activation in the left orbital gyrus, as 
well as the left pre- and postcentral gyri. The pre- and postcentral gyri in the left 
hemisphere have been demonstrated in other working memory studies after TBI (e.g., 
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Hillary et al., 2010), and may represent an increase in task-related sensorimotor demands 
for the TBI group. The orbital gyrus, or orbitofrontal gyrus, is known to be involved in 
inhibitory control and has been shown to be important in determining the salience of a 
reinforcer as a function of the context or competing stimuli (Rolls, 2000). Therefore, this 
area may be recruited in the 2-back task as participants control their responses and 
discriminate between target and non-target stimuli.  
4.2 Object Location Memory 
The next aim of the study was to investigate differences in OLM after TBI. 
Consistent with expectation, the HC group demonstrated activation in regions associated 
with (1) object recognition (ventral processing stream), (2) identification of spatial 
location (fronto-parietal regions), and (3) memory encoding (hippocampus) (Sommer et 
al., 2005; Sommer, Rose, Weiller, & Buchel, 2005).  
The TBI (Novel > Repeated) > HC (Novel > Repeated) contrast revealed 
unexpected results. Based on the literature, it was expected that the TBI group would 
demonstrate greater and more widespread activation, particularly in fronto-parietal 
regions (Russell et al., 2011; Russell et al., 2012). However, the TBI group demonstrated 
fewer areas of activation than the HC group in the initial contrast. By examining the 
BOLD signal time course graphs for each group and stimulus type, it appeared that the 
reason for these findings may result from the baseline condition that was used: Repeated 
stimuli.  
Repeated stimuli were used as perceptual control stimuli because they have been 
shown to be effective baseline stimuli when examining OLM in healthy individuals and 
individuals with mild cognitive impairment (Hampstead et al., 2011). During repeated 
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exposure of a visual stimulus (as during the Repeated stimuli trials), there is an 
attenuation of brain region activation that typically respond to that type of stimulus: 
repetition suppression (Miller & Desimone 1994; Thompson-Schill et al., 1999; Rice et 
al., 2007; Buckner et al., 1998). Therefore, by comparing Novel versus Repeated, 
activation in basic sensory pathway regions can be subtracted out leaving only those 
regions involved in OLM. However, by examining the BOLD signal time course graphs 
during the OLM task (Figure 8), a distinct pattern emerged in the TBI patients. They 
failed to show the expected BOLD signal attenuation in the regions sampled, whereas the 
HC showed BOLD signal activation at or below baseline in these regions for Repeated 
versus Novel stimuli. This pattern led to a working hypothesis that repetition suppression 
effects may be altered after TBI.  
There have been no known studies investigating repetition suppression in TBI 
patients. However, repetition suppression has been shown to be disrupted when 
individuals are given drugs that affect GABA-ergic and cholinergic systems (Thiel, 
Henson, Morris, Friston, & Dolan, 2001). In addition, repetition suppression has been 
shown to be impaired in patients with Alzheimer’s disease. For example in a task of face-
name learning, patients showed a lack or repetition suppression in the medial temporal 
lobe, prefrontal cortex and the parietal lobe (Pihlajamaki, DePeau, Blacker, & Sperling, 
2008). These results were observed in the context of impaired memory performance in 
the Alzheimer’s disease patients. However, in the present study, individuals with TBI 
performed at 100% accuracy for the repeated stimuli during the retrieval task so that 
differences in activation cannot be accounted for by differences in memory performance. 
In addition, only one of the five TBI participants was taking a medication that would 
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affect GABA transmission, levetiracetam (Keppra), so that group effects are not likely 
due to the presence of psychotropic medications in one participant.  
This is the first known study to demonstrate diminished neuronal adaptation or 
repetition suppression after TBI. This finding lead to a secondary OLM analysis with the 
goal of removing differences in repetition suppression: direct contrast of correctly 
encoded trials TBI versus HC. This contrast yielded widespread differences in activation 
in the TBI group that represent every region associated with OLM processing.  The trend 
in increased activation is certainly consistent with previous studies; however, the 
differences are more disperse than previous studies have indicated. This could be due to 
the nature of the OLM task, but more likely due to the less conservative nature of the 
fixed effects GLM that was used. 
The hypotheses for Aim 2 were specifically framed in terms of determining 
during which cognitive process (if any) OLM is disrupted after TBI. With regard to 
object identification, all participants scored within normal limits when screened 
behaviorally for face, object, and body part stimulus recognition, thus indicating a lack of 
agnosia in this sample. However, in between-group fMRI contrasts, there were significant 
differences in activation in regions associated with object identification (i.e., fusiform 
gyrus, parahippocampal gyrus, collateral sulcus). Therefore, individuals with TBI may 
experience alterations in the neural processing of visual perception after injury, which has 
not been demonstrated previously in the literature (Mani, Miller, Yanasak, & Macciochi, 
2007). This notion is further supported by findings that the TBI participants demonstrated 
differences in the repetition suppression phenomenon. Therefore, the results raise a 
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question as to how altered visual perception may have impacted memory encoding in this 
group.  
With regard to identification of spatial location and functioning within a fronto-
parietal network, the results indicated widespread differences in activation across 
multiple cortical and subcortical regions including the frontal and parietal lobes. These 
findings were supported by results showing altered fronto-parietal activation during 
working memory as well. Therefore, results supported the primary hypothesis that a 
disrupted fronto-paritetal working memory network would contribute to altered OLM 
processing after TBI. 
The final process is the binding of object and location into memory in the medial 
temporal lobes, particularly the hippocampus. Neither of the between-group OLM 
contrasts (Novel > Repeated; Novel) showed differences in hippocampal activation. The 
OLM task did recruit the hippocampus in the HC participants (within group Novel > 
Repeated). However, there was no hippocampal activation difference in Novel > 
Repeated contrast for the within group analysis of the TBI group. These results suggest 
that (1) differences in OLM after TBI are not due to hippocampal dysfunction, and (2) 
changes in repetition suppression for seeing objects in their locations may extend to the 
hippocampus.  
In sum, the results of the current study indicate that changes in OLM after TBI 
include alterations in a fronto-parietal network that may also affect working memory. 
However, results also show that overall stimulus perception may be altered after 
moderate-severe injury (Mani et al, 2007), which may also impact memory encoding.  
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4.3 Contributions of Working Memory to OLM 
 The final aim of this study was to demonstrate shared functioning of specific 
brain regions during memory encoding and working memory. This was accomplished by 
creating overlay maps of activation for the n-back and OLM tasks. Consistent with 
expectations, both groups demonstrated several overlapping regions known to be 
involved in working memory and OLM.  
 In the group of 12 HC the OLM and n-back tasks shared regions in the left 
DLPFC and the right ventrolateral PFC, suggesting that OLM encoding requires short-
term storage and updating of information in working memory. Although these areas may 
be involved in the general working demands of the OLM task, there could be more 
specific explanations for this overlap. The DLPFC is known to be recruited when 
individuals use strategies during learning (Miotto et al., 2006). To questioning, 83% (10 
out of 12) participants reported using some sort of verbal strategy during encoding. This 
may have recruited the left DLPFC as they applied these verbal strategies during 
encoding. In contrast, the right ventrolateral PFC may have been involved in the short 
term storage of the object-location pair in working memory (Wager & Smith, 2003). 
Activation in the left precentral sulcus may be associated with the motor planning aspects 
of each task and has been shown to be involved in studies of working memory and object 
location memory (D-Esposito et al, 1998, Sommer et al., 2005). Finally, it is not 
surprising that the posterior parietal lobe, specifically the intraparietal sulcus was 
involved in both tasks. This region, which is part of the dorsal visual pathway, was likely 
involved in spatial processing during both tasks.  
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 The TBI group data use analyzed using a less conservative fixed effects GLM, 
which likely yielded larger regions of activation than if a random effects GLM had been 
completed with additional participants. Nevertheless, the data provide results for this 
particular sample of TBI participants. Similar to the HC, activation in the DLPFC may 
have been associated with the use over verbal strategies during encoding as 100% of the 
TBI participants reported using some sort of verbal strategy. Again, the bilateral 
ventrolatereal PFC may have been involved in the short term storage of the object-
location pair in working memory. Similar to the HC, there were also a number of shared 
regions in the parietal lobe (precuneus, intraparietal sulcus, inferior parietal lobe), 
indicating that the spatial and working memory demands of the two tasks were similar. 
Other shared regions include those that are involved in visual perception in the temporal 
lobe (inferior temporal gyrus, fusiform gyrus) and striate cortex (occipital lobe).  
The current study provided a novel finding demonstrating the working memory 
contribution to OLM encoding in HC and those with TBI. The results also provide 
evidence for an ongoing debate in the neuroscience literature about the functional 
specificity of brain regions. There are some neuroscientists who would argue that many 
brain regions are designed to process specific types of information (Kanwisher, 2010). 
One example may include the fusiform face area, which is specialized to recognize faces. 
The other side of the debate argues that the majority of brain functioning is not task-
specific, but function-specific. Therefore, one region may be recruited by a variety of 
tasks depending on the general demands of that task (Pernet, Schyns, & Demonet, 2007; 
Fodor, 2001). In fact the current results showed multiple brain regions that are involved 
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in different tasks with similar demands (e.g., recruitment of the DLPFC during both OLM 
and n-back tasks).  
4.4 Limitations 
Although the current study is the first to investigate the neural substrates of OLM 
and the contributions of working memory to OLM after TBI, there are several noteworthy 
limitations. The first concern is with sample size of the TBI group. This pilot 
investigation yielded significant between-group differences in neural activation but failed 
to show differences in behavioral measures. There is precedent in the literature for lack of 
between group differences on behavioral working memory (Hillary et al., 2011) and 
episodic memory (Russell et al., 2011) tasks. However, the preponderance of fMRI 
studies do show behavioral differences in working memory (e.g., Christodoulou et al., 
2001; Perlstein et al., 2004; Sanchez-Carrion et al., 2008), and episodic memory (e.g., 
Ricker et al., 2001; Strangman et al., 2009; Turner, McIntosh, & Levine, 2011) after TBI. 
In addition, between group estimates of effect size demonstrated medium to large effects 
for comparisons that were not statistically significantly different. This suggests that with 
additional participants, between-group differences may have emerged. 
The next concern with regard to sample size is that it restricted the fMRI analyses. 
These were performed using a fixed effects model that is less conservative and results are 
not generalizable to the population. Correction for multiple comparisons using a stringent 
FDR of q < 0.001 was used, but the fixed effects GLMs yielded activation maps with 
greater activation than a random effects GLM would have yielded. For example, the 
12HC were analyzed using within-subjects random effects analysis for the n-back (2 > 0) 
and OLM (Novel > Repeated) tasks. When the same contrasts were performed using 
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fixed effects, the same generally regions were represented, but the regions were much 
larger. Adding additional participants and using random effects analysis would likely 
result in a more specific areas of activation for the TBI group.  
The final limitation relates to the inherently heterogeneous nature of TBI. As with 
any study involving TBI, there is always concern with regard to the influence of sample 
heterogeneity on results and the ability to generalize those results. Even within the 
sample of 7 participants in this study, the clinical neuroimaging findings suggested 
diversity in structural damage after their respective injuries. This can in turn lead to 
differences in BOLD activation. It would be expected that heterogeneity among 
participants would make it more difficult to observe consistent results, particularly in 
such a small sample as in the current study. However, as previously described, one of the 
most common findings in imaging studies after TBI is greater activation in the frontal 
lobe across many types of tasks. This is despite the heterogeneous nature of TBI and 
despite memory or working memory task type. Therefore, the current neuroimaging 
findings are likely not a result of injury heterogeneity.  
4.4 Implications and Future Directions 
This study supported the previous studies in the literature by demonstrating 
widespread differences in neural activation on memory and working memory tasks after 
TBI. However, there are several novel contributions. First, this study combined spatial 
and verbal working memory tasks to map bilateral working memory networks after TBI. 
This study was the first to use an OLM paradigm to investigate specific memory 
networks after TBI. Although we found robust between group differences, this study 
should be completed with a larger TBI sample show any between group differences that 
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may exist on n-back and OLM tasks using more conservative analyses (i.e., random 
effects GLM). A larger sample size will also bolster fMRI findings by allowing for more 
refined analyses (e.g., beta weight analysis).  
The primary implication for the current findings is for memory rehabilitation after 
TBI. The results of the current study suggest that in OLM, there are changes in a fronto-
parietal network, as well as changes in perceptual functioning. This knowledge could be 
used to examine the effectiveness of memory strategies designed to bolster frontal 
lobe/working memory functioning during encoding. There are several types of 
compensatory strategies that have been found to be effective after TBI. Working memory 
strategies tend to rely on repeated practice of working memory tasks using computer 
programs (Cicerone et al., 2011). These types of programs may not be as applicable to 
memory encoding. In addition, the ecological validity of such strategies has not been 
established.  
Rather than focusing on strategies for working memory, it may be more effective 
to target strategies that bolster frontal lobe functioning during encoding. Several studies 
have demonstrated that the use of a variety of compensatory strategies (e.g., meta-
memory strategies, semantic organization, semantic elaboration, mental imagery, written 
strategies) are effective in aiding verbal memory recall (Berg, Konning-Haanstra, & 
Deelman, 1991), verbal narrative information (Freeman, Mittenberg, Dicowden, & Bat-
Ami, 1992), face-name pairs (Milders, Deelman, & Berg, 1998; Downes et al., 1997), 
paired associate learning (Twum, & Parente, 1994), and everyday memory simulations 
(e.g., route finding, object location memory) (Stringer, 2011). Future studies should 
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examine whether such compensatory mnemonic strategies result in changes brain 
activation and performance during memory encoding. 
The novel finding of altered repetition suppression after TBI also warrants further 
investigation. This is the first known study to demonstrate such findings; however, the 
current task design was not the ideal way to examine such an effect. To confirm this 
hypothesis, future studies should be designed to specifically examine repetition 
suppression with different stimulus types in TBI patients. Other future studies should 
examine how these differences in perception may impact memory. Examining changes in 
perception after TBI may lead to new insights on attention and memory processing in this 
patient population.  
With larger samples, future studies could investigate the nature of activation 
differences after TBI. Examining the meaning of increased activity during memory and 
working memory tasks was beyond the scope of the present study; however, it is 
imperative to consider. Within the memory literature, differences in activation were 
initially hypothesized as altered processing after TBI or as the recruitment of additional 
regions as a means of compensation for regional dysfunction (Levin et al., 2002; Ricker 
et al., 2001). More recently, researchers have begun to show empirically that after TBI, 
individuals show differences in the functional connectivity of brain regions involved in 
memory (Strangman et al., 2009), indicating not only region specific changes (e.g., 
increased activation in the frontal lobe), but changes functional networks (e.g., fronto-
parietal network). Within the working memory literature, the changes in neural 
functioning after TBI (e.g., increased, dispersed activation) were traditionally thought of 
as a “reorganization” or “rewiring” of function within the brain after injury; however, 
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more recently it has been suggested that “recruitment” of additional brain regions and 
increased activity represents a form of compensation that the brain naturally implements 
to make up for disrupted neural functioning. This is based on evidence that increased 
activation in some areas is associated with better behavioral performance on working 
memory tasks (Turner et al., 2011; Maruishi et al., 2007).  
Alternatively, Hillary (2008; 2010) has suggested that differences observed in the 
frontal lobes during working memory represent a natural support mechanism that are 
responding to degraded performance after injury, which is termed the ‘‘latent support 
hypothesis.’’ According to this hypothesis, neural recruitment is not permanent (i.e., 
reorganization or rewiring), nor is it working to support cognitive functioning due to 
inefficient processing (i.e., compensation). Instead, additional recruitment observed in 
TBI represents the engagement of cognitive control and attentional resources that are 
even recruited in healthy controls when task demands are increased; however, this 
recruitment occurs at lower thresholds after neurological disruption. In a subsequent 
study, this group demonstrated that with practice on an n-back task, TBI group showed 
decreased activation in the frontal lobes as performance improved and presumably 
cognitive demands decreased (Medaglia et al., 2012). Although this provides some 
support for a latent support hypothesis, additional investigation is needed to further 
illuminate the nature of activation differences after TBI. 
Therefore, future studies should continue to explore the relationship between task 
performance and strength of activation in those regions associated with greater activation 
in the TBI group.  
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Although the results indicated changes in fronto-parietal regions during working 
memory and OLM, the nature of these changes (i.e., regional or network) remains 
unclear. A future study could implement new fMRI analysis techniques such as 
connectivity modeling (extended-unified structural equation modeling) or diffusion 
tensor imaging (DTI) to examine the structural and functional connectivity within a 
fronto-parietal network during OLM. This might inform researchers on the nature of 
fronto-parietal changes after TBI by examining the strength of relationship among these 
regions. Connectivity modeling may also be useful in studying neural networks that link 
fronto-parietal regions to the medial temporal lobes (i.e., the hippocampus) during 
memory encoding or retrieval. 
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APPENDIX A: TABLES AND FIGURES 
 
 
1a. 
 
1b. 
 
Figure 1. Paradigms for Spatial (a) 0-back and (b) 2-back conditions 
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2a. 
 
2b. 
 
Figure 2. Paradigms for Verbal (a) 0-back and (b) 2-back conditions 
 60 
 
 
Figure 3. Sample Object Location Memory (OLM) encoding task trial. Participants saw 
the object immediately followed by the object in its location. They pressed a button every 
time they saw the object in its room and were instructed to try to learn where it was. 
Trials were separated by an inter-stimulus interval of a fixation cross. 
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Figure 4. Object Location Memory retrieval task trial. Participants saw the object 
immediately followed by the room with three possible locations. They selected the 
location by pressing a button on a keyboard. Trials were separated by an inter-stimulus 
interval of a fixation cross. 
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Table 1. Demographic and injury characteristics for participants with traumatic brain 
injury. 
  Age 
Years 
post 
injury Cause Severity 
Brain Imaging 
CT/MRI Findings 
Case 1 26 6.33 
MVA 
passenger 
Severe 
GCS = NA 
LOC = 30 days 
NA 
Case 2 29 1.00 
MVA driver  
(motorcycle) 
Severe 
GCS = 8  
LOC = 21 days 
0 Days post injury-  Diffuse axonal injury, 
frontal lobe scattered intraparenchymal and  
subarachnoid hemorrhages R>L 
Case 3 32 7.50 MVA driver 
Severe 
GCS = NA 
LOC = 7 days 
0 Days post injury- Right frontal, midbrain 
and right parietal lobe intraparenchymal 
hemorrhages 
Case 4 28 4.58 Airplane crash 
Moderate 
GCS = NA 
LOC = 45 
minutes 
1 Day post injury- Bilateral basifrontal 
contusions 
Case 5 30 3.92 
MVA driver  
(motorcycle) 
Severe 
GCS = 7 
LOC = 7 days 
1 Day post injury- Diffuse axonal injury and 
cerebral edema, bifrontal epidural and 
subdural  hematomas, occipital subarachnoid 
hemmorrhage, parenchymal contusions 
Case 6 31 4.17 
Pedestrian vs. 
Car 
Severe 
GCS = NA 
LOC = 28 days 
1 Month post injury-Left temporal 
contusions, pneumocephalus (air in the 
subarachnoid space), ventroculomegaly 
Case 7 27 5.75 
MVA 
passenger 
Moderate 
GCS = NA 
LOC = 3 hours 
3 Years post injury- Mild encephalomalacic 
changes within the medial left parietal-
occipital region 
 
NA = Not Available; GCS = Glasgow Coma Scale; LOC = Loss of Consciousness; MVA = Motor Vehicle Accident 
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Table 2. Group demographic and neuropsychological test results for the TBI and HC 
groups. 
  HC (n=5) TBI (n=5) Mann-Whitney U 
  M(SD) M(SD) U (10) z sig. 
Age (years) 26.60 (6.31) 29.00 (2.55) 8.00 -0.94 0.42 
         
Education (years) 15.60 (0.55) 14.80 (2.95) 9.50 -0.66 0.55 
         
WTAR (Standard score) 113.20 (4.92) 107.40 (9.32) 8.00 -0.95 0.42 
     Predicted VIQ 114.80 (4.15) 110.40 (7.54) 7.00 -1.15 0.31 
     Predicted PIQ 109.60 (2.88) 106.40 (5.46) 6.50 -1.26 0.22 
     Predicted FSIQ 114.00 (3.74) 109.20 (7.26) 6.50 -1.26 0.22 
         
RBANS Indices (Standard score)        
     Total  110.40 (8.44) 78.80 (2.95) 0.00 -2.62 0.008 
     Immediate Memory 106.40 (6.54) 75.80 (3.90) 0.00 -2.65 0.008 
     Visuospatial/Constructional 108.80 (8.41) 83.40 (13.11) 0.50 -2.51 0.008 
     Language 106.60 (9.04) 86.80 (11.69) 2.50 -2.11 0.03 
     Attention 110.60 (17.04) 85.60 (22.53) 5.00 -1.59 0.15 
     Delayed Memory 105.40 (9.84) 86.00 (4.42) 0.00 -2.62 0.008 
         
WCST         
     # Sorts (raw score) 6.00 (0.00) 6.00 (0.00) 12.50 0 1.00 
     % Perseverative Errors (T-score) 52.20 (7.26) 58.80 (10.26) 6.50 -1.26 0.21 
     # Set Loss Errors (raw score) 0.00 (0.00) 0.60 (0.89) 7.50 -1.49 0.31 
         
MAC-S (z-score) 
   Ability Total Score  
   Frequency Total Score 
 -0.28 (0.53) 
 -0.55 (0.31) 
 -1.86 (1.03) 
 -2.55 (1.07) 
2.0 
0.00 
 -2.20 
-2.61 
0.03 
0.008 
         
MAC-F (z-score) 
   Ability Total Score 
   Frequency Total Score 
 -0.22 (0.43) 
 -0.37 (0.29) 
 -1.75 (0.55) 
-1.83 (1.10) 
0.00 
1.00 
 -2.63 
-2.42 
0.008 
0.02 
         
MSCQ (raw score) 
   Total Trouble  
   Total Importance 
   Total Number Strategies Identified 
11.00 (3.39) 
16.80 (6.94) 
8.60 (2.61) 
24.40 (8.71) 
24.60 (6.15) 
6.60 (4.56) 
1.00 
4.00 
7.50 
 -2.42 
-1.79 
-1.05 
0.02 
0.10 
0.31 
 
HC = Healthy Control; TBI = Traumatic brain injury; WTAR = The Wechsler Test of Adult Reading; WCST = 
Wisconsin Card Sorting Test; MAC-S and MAC-F = The Memory Assessment Clinic Self and Family Rating Scales; 
MSCQ = Memory Strategies and Concerns Questionnaire. 
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Table 3. Group data for accuracy and reaction time on the n-back tasks and accuracy on 
the object location memory task. Effect sizes are also provided for between group means.  
  HC (n=5) TBI (n=5) 
Effect size 
Cohen's d   M(SD) M(SD) 
Accuracy (% Correct)       
     0-back 98.50 (1.37) 98.50 (2.24) 0 Small 
     2-back 95.50 (2.09) 91.50 (9.94) 0.6 Medium 
     (2-back) - (0-back) Difference  -3.00 (3.26)  -7.00 (1.02) 1.7 Large 
Response Time (sec)       
     0-back 0.65 (0.03) 0.59 (.10) 0.8 Large 
     2-back 0.63 (0.10) 0.64 (0.14) 0.08 Small 
     (2-back) - (0-back) Difference  -.03 (0.11) 0.05 (0.09) 0.5 Medium 
        
OLM Task Retrieval        
     Overall Accuracy (% Correct) 61.72 (9.67) 52.81 (16.14) 0.7 Medium 
     Repeated stimuli Accuracy 100 (0.00) 100 (0.00) 0 Small 
 
HC = Healthy Controls; TBI = Traumatic brain injury; OLM = object location memory 
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Figure 5. Overlapping activation maps for 12HC and TBI groups. Blue = Object Location 
Memory (Novel > Repeated). Orange/Yellow = Working Memory (2-back > 0-back).  
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Table 4. Activation for 2-back > 0-back contrast for 12 healthy control participants. x,y,z 
= Talairach coordinates; t-max = peak t value. 
 
Region Side x y z t-max 
Superior Frontal Gyrus R 23 0 56 9.72 
 R 7 -69 44 6.42 
 L -31 -7 51 6.34 
 L -3 11 46 10.47 
Middle Frontal Gyrus R 40 -2 39 6.23 
 R 41 14 31 5.57 
 R 38 25 35 6.46 
 R 31 39 27 6.70 
Precentral Gyrus L -44 -3 35 6.66 
Insula R 30 22 2 7.14 
Intraparietal Sulcus R 36 -49 39 5.63 
 R 31 -61 41 4.94 
 L -40 -50 37 7.03 
 L -35 -63 38 5.56 
Precuneus R 7 -69 44 6.42 
 L -10 -72 39 7.09 
Caudate Nucleus R 31 39 22 6.89 
 L -17 4 14 6.37 
Cerebellum L -32 -50 -32 5.00 
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Table 5. Activation for Novel > Repeated contrast for 12 healthy control participants.  
x,y,z = Talairach coordinates; t-max = peak t value. 
Region Side x y z t-max 
Superior frontal gyrus L -6 3 52 7.40 
Middle Frontal Gyrus R 40 7 28 5.26 
 L -43 10 30 4.99 
Precentral Gyrus R 55 3 29 5.91 
 R 16 -31 62 5.16 
 L -43 -5 36 7.88 
Postcentral Gyrus R 56 -13 34 6.60 
 R 13 -32 63 5.07 
 L -55 -15 35 6.51 
Insula L -31 19 2 5.06 
Thalamus R -31 19 2 5.06 
 L -12 20 7 5.80 
Amygdala L -19 -6 -15 5.94 
Hippocampus R 21 -14 -16 7.00 
 L -32 -27 12 7.03 
Parahippocampal Gyrus R 20 -43 -8 8.31 
 L -23 -43 -12 9.55 
Fusiform Gyrus (ITG) R 32 -55 -14 8.50 
 R 26 -60 -14 10.59 
 L -31 -59 -13 8.09 
Posterior Cingulate R 6 -50 4 4.77 
Retrosplenial Cortex R 14 -55 12 9.56 
 L -12 -56 10 6.19 
Precuneus R 6 -68 49 4.21 
 L -12 69 41 5.17 
Superior Parietal Lobule R 20 -66 46 7.94 
 R 28 -56 45 9.24 
 L -29 -62 44 9.58 
 L -31 -52 34 6.76 
Intraparietal Sulcus  R 20 -68 41 7.72 
 L -24 -67 30 6.41 
Inferior Temporal Gyrus R 40 -57 -9 9.22 
 R 39 -53 -19 7.90 
 R 28 -31 -19 8.46 
 L -34 35 -19 11.02 
 L -28 -49 -13 9.22 
Superior occipital gyrus R 29 -85 20 6.81 
 R 28 -74 19 8.55 
 L -28 -87 19 7.44 
 L -38 -77 17 7.24 
Middle occipital gyrus R 27 -91 10 6.82 
 L -31 -88 10 9.39 
Inferior occipital gyrus R 26 -92 -7 6.63 
 R 38 -83 -7 8.88 
 L -30 -88 -5 7.66 
Brainstem R 6 -26 -3 4.78 
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Table 6. Activation for 2-back > 0-back contrast for TBI participants. x,y,z = Talairach 
coordinates; t-max = peak t value. 
 
Region Side x y z t-max 
Superior Frontal Gyrus R 5 -5 58 8.32 
 R 5 15 50 9.42 
 R 12 -4 62 8.23 
 L -6 17 45 9.18 
 L -3 -1 56 11.05 
 L -27 -3 60 11.31 
Middle Frontal Gyrus R 30 -8 54 7.81 
 R 45 13 43 6.71 
 R 28 32 34 6.00 
 L -32 4 56 8.68 
 L -44 18 40 9.49 
 L -33 39 32 9.97 
Inferior Frontal Gyrus R 48 4 15 6.76 
 R 50 13 8 8.01 
 R 41 51 14 6.80 
 L -38 52 11 8.74 
 L -51 4 16 7.57 
Anterior Orbital Gyrus R 25 50 4 7.75 
 L -23 53 6 7.02 
Precentral Gyrus L -37 -16 61 9.41 
 L -53 -9 46 13.05 
Precentral Sulcus R 52 -4 36 9.39 
Postcentral Gyrus L -50 -14 40 13.93 
Insula R 32 18 7 12.29 
 L -36 7 8 6.93 
Caudate Nucleus R 8 4 10 6.32 
 L -11 -2 12 6.63 
Globus Pallidus L -12 3 3 5.79 
Putamen R 16 2 7 5.58 
 L -17 5 5 5.79 
Thalamus R 2 -12 14 7.03 
 L -7 -28 10 6.24 
Fusiform Gyrius R 36 -56 -23 7.29 
 L -37 -62 -20 6.49 
Collateral Sulcus L -9 -74 -22 6.84 
Precuneus R 1 -61 37 7.89 
 L -7 -68 42 7.23 
Superior Parietal Lobule R 40 -48 53 8.75 
 L -36 -57 50 7.89 
Intraparietal Sulcus R 24 -59 42 9.07 
 R 46 -54 35 11.60 
 L -45 -44 45 9.88 
 L -31 -66 42 10.33 
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Table 6 (continued). 
 
Region Side x y z t-max 
Intraparietal Sulcus L -46 -51 34 11.07 
Inferior Parietal Lobule R 27 -71 28 10.41 
 R 37 -79 26 7.94 
 L -27 -74 21 7.53 
Superior Temporal Gyrus R 59 -37 14 8.89 
 L -52 -42 3 8.04 
 L -47 -54 13 7.39 
Inferior Temporal Gyrus R 52 -25 -17 5.41 
 R 54 -49 -12 5.83 
 L -63 -30 -15 7.30 
 L -49 -56 -13 6.49 
Cuneus L -10 -74 -21 6.83 
Inferior Occipital Gyrus R 19 -98 -2 6.69 
 L -36 -86 -2 6.66 
Fourth Occipital Gyrus R 12 -96 -14 6.41 
 R 43 -80 -15 5.53 
 L -17 -97 -8 6.43 
Cerebellum R 31 -49 -30 7.39 
  L -36 -50 -29 6.76 
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Table 7. Activation for Novel > Repeated contrast for TBI participants.  x,y,z = Talairach 
coordinates; t-max = peak t value. 
 
Region Side x y z t-Max 
Inferior Frontal Gyrus R 49 27 19 6.01 
 L -51 5 25 7.17 
 L -50 15 20 7.88 
 L -47 34 12 5.99 
Precentral Sulcus R 38 -3 28 8.82 
 L -50 3 25 7.17 
Parahippocampal Gyrus R 25 -25 -18 7.41 
Collateral Sulcus R 32 -39 -17 8.44 
 L -30 -41 -17 7.74 
Fusiform Gyrus R 34 -43 -18 7.73 
 R 26 -59 -16 7.51 
 L -50 -47 -16 7.38 
Intraparietal Sulcus R 25 -59 40 6.91 
 L -23 -68 40 5.73 
Inferior Parietal Lobule R 26 -65 20 7.11 
Superior Occipital Gyrus R 37 -71 11 7.34 
 L -40 -74 16 5.89 
Middle Occipital Gyrus R 33 -81 7 8.60 
 L -35 -81 7 8.72 
Inferior Occipital Gyrus R 22 -72 -16 5.39 
  L -40 -68 -15 6.49 
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Figure 6. Activations on the TBI > HC for the 2-back > 0-back contrast. Areas of 
activation are those that are greater in the TBI group for working memory. Time course 
graphs show activation for the 2-back condition in red and 0-back in blue for the (a) R 
Inferior Frontal Gyrus, (b) R Inferior Parietal Lobule, (c) L Precentral Gyrus, and (d) L 
Inferior Parietal Lobe.   
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Table 8. Between group activation differences for 2-back > 0-back contrast for (a) TBI > 
HC, and (b) HC > TBI. x,y,z = Talairach coordinates; t-max = peak t value.  
 
 
(a) TBI > HC 
Region Side x y z t-max 
Middle Frontal Gyrus R 50 27 18 6.53 
 L -37 36 27 8.44 
Inferior Frontal Gyrus R 44 4 5 6.44 
 L -50 35 1 8.60 
 L -43 9 19 6.59 
Anterior Orbital Gyrus L -28 52 -2 7.14 
Precentral Gyrus L -34 -16 58 8.77 
 L -50 -10 41 6.95 
 L -3 19 58 6.98 
Postcentral Gyrus L -3 -46 57 6.23 
Thalamus L -6 -29 6 5.39 
Inferior Parietal Lobule R 61 -42 13 6.05 
 R 59 -40 30 7.47 
 L -44 -52 20 10.91 
 L -59 -48 20 7.95 
Inferior Occipital Gyrus R 28 -86 -15 5.06 
 
 
(b) HC > TBI 
Region Side x y z t-max 
Superior Frontal Gyrus R 20 10 57 -6.18 
 L -1 30 47 -7.84 
Superior Parietal Lobule R 33 -56 43 -7.32 
 L -20 -64 50 -8.54 
Precuneus L -1 -58 46 -8.42 
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 Figure 7. Activations on the TBI > HC contrast for the Novel > Repeated. Areas in 
orange/yellow are those that are greater in the TBI group than the HC. Time course 
graphs show activation for the Novel stimuli in red and Repeated stimuli in blue for the 
(a) R Parietal Lobe, (b) L Medial Frontal Lobe, and (c) L Occipital Lobe.   
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Figure 8. Activations on the TBI > HC contrast for the Novel > Repeated. Areas in blue 
are those that are greater in the HC group than the TBI. Time course graphs show 
activation for the Novel stimuli in red and Repeated stimuli in blue for the (a) R Middle 
Frontal Gyrus, (b) R Inferior Parietal Lobule, (c) L Middle Frontal Gyrus, and (d) L 
Inferior Parietal Lobe.   
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Table 9. Between group activation differences for Novel > Repeated contrast for (a) TBI 
> HC, and  (b) HC > TBI. x,y,z = Talairach coordinates; t-max = peak t value.  
 
(a) TBI > HC 
Region Side x y z t-max 
Medial Frontal Gyrus L -6 51 23 7.00 
Inferior Frontal Gyrus L -51 13 16 5.40 
Inferior Parietal Lobule R 54 -50 30 6.63 
Superior Occipital Gyrus R 18 -89 28 7.49 
 
 
(b) HC > TBI 
Region Side x y z t-max 
Superior Frontal Gyrus R 2 1 54 -9.25 
 L -30 12 52 -6.64 
Middle Frontal Gyrus R 37 44 10 -6.29 
 R 36 26 25 -7.75 
 R 38 -3 41 -7.87 
 L -42 19 27 -7.14 
 L -37 0 33 -7.68 
Precentral Gyrus R 27 -13 59 -6.82 
Parahippocampal Gyrus R 16 -39 -12 -8.11 
 L -21 -34 -12 -5.16 
 L -25 -28 -20 -6.19 
Collateral Sulcus R 20 -59 -11 -7.29 
 L -27 -56 -15 -7.34 
Fusiform Gyrus R 44 -58 -12 -9.22 
 L -38 -44 -16 -7.93 
Superior Parietal Lobule R 29 52 44 -8.62 
 L -41 -42 38 -7.81 
Intraparietal Sulcus R 21 -63 37 -7.36 
 L -31 -64 36 -10.08 
Inferior Parietal Lobule L -32 -74 30 -10.92 
Superior Occipital Gyrus R 24 -71 26 -7.91 
 L -31 -77 19 -10.11 
Middle Occipital Gyrus R 32 -82 9 -5.69 
 L -39 -86 6 -6.88 
Inferior Occipital Lobe R 47 -61 -14 -9.22 
  L -50 -57 -16 -8.69 
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Table 10. Areas of overlapping activation for the n-back (2-back > 0-back) and OLM task 
(Novel > Repeated) contrasts for (a) 12HC and (b) TBI. x,y,z = Talairach coordinates. 
(a) 
Region Side x y z 
Superior Frontal Gyrus L -3 5 52 
Inferior Frontal Gyrus R 45 10 31 
Precentral Sulcus L -46 -1 39 
Insula L -31 17 3 
Intraparietal Sulcus R 27 -60 39 
 R 24 -76 37 
 L -40 -49 42 
 L -31 -66 43 
  L -17 -78 40 
 
 
(b) 
Region Side x y z 
Superior Frontal Gyrus L -4 6 49 
 L -28 -3 59 
Inferior Frontal Gyrus R 49 27 25 
 L -53 11 31 
Inferior Frontal Sulcus R 41 4 31 
Precentral Sulcus R 42 -5 32 
 L -37 -2 33 
Precentral Gyrus L -38 -13 58 
 L -52 -8 46 
Precuneus L -11 -68 44 
Intraparietal sulcus R 20 -62 47 
 R 30 -72 41 
 L -25 -59 41 
Inferior Parietal Lobule R 25 -75 38 
 L -21 -76 44 
Inferior Temporal Gyrus R 55 -50 -12 
 L -48 -56 -11 
Fusiform Gyrus R 40 -53 -24 
 L -37 -59 -20 
Superior Occipital Gyrus R 28 -67 23 
 L -33 -83 17 
Middle Occipital Gyrus R 25 -84 4 
 L -30 90 2 
Inferior Occipital Gyrus R 21 -95 -5 
  L -22 -94 -7 
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Figure 9. Supplementary analysis. Areas of activation during Novel trials (TBINovel > 
HCNovel contrast). TBI > HC = orange/yellow, HC > TBI = blue/green.   
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Table 11. Supplementary analysis. Between group activation differences for TBINovel > 
HCNovel contrast for (a) TBI > HC, and  (b) HC > TBI. x,y,z = Talairach coordinates; t-
max = peak t value.  
(a) TBI > HC 
Region Side x y z t-max 
Superior Frontal Gyrus R 27 18 48 5.74 
 L -1 19 59 5.14 
 L -17 31 48 6.07 
Middle Frontal Gyrus R 42 -13 52 6.99 
 L -26 24 43 6.41 
 L -41 20 44 7.35 
 L -46 2 48 7.27 
Inferior Frontal Gyrus R 49 29 10 10.60 
 R 49 24 20 14.77 
 R 27 54 12 10.29 
 L -51 2 5 5.57 
 L -47 35 4 7.33 
Medial Frontal Gyrus R 9 51 30 6.81 
 L -5 53 21 5.64 
Precentral Suclus R 39 2 31 15.97 
Precentral Gyrus R 46 -5 32 9.97 
 L -40 -12 13 5.85 
 L -43 -13 36 11.48 
 L -3 -9 47 6.94 
Postcentral Gyrus L -24 -33 65 9.12 
Insula R 32 6 17 6.37 
 L -28 -21 5 5.23 
Caudate Nucleus L -9 -4 14 4.68 
Putamen L -23 -7 16 5.69 
Thalamus R 4 -5 10 5.52 
 L -4 -7 13 4.88 
Parahippicampal Gyrus R 24 -25 -15 8.82 
Collateral Sulcus R 25 -62 -23 13.11 
 L -27 -63 -6 9.12 
Fusiform Gyrus R 36 -27 -15 13.10 
 L -40 -34 -23 9.22 
Posterior Cingulate R 2 -41 18 7.27 
 L -3 -37 22 7.32 
Precuneus R 1 -70 32 8.10 
 L -5 -64 41 8.17 
Angular Gyrus R 62 -43 24 4.69 
 L -56 -26 23 8.16 
Superior Parietal Lobule R 20 -46 52 8.33 
 L -34 -44 55 8.90 
      
 79 
Table 11 (continued).  
 
(a) TBI > HC 
Region Side x y z t-max 
Intraparietal Sulcus R 29 -65 42 16.91 
 R 44 -57 30 8.27 
 L -42 -53 30 7.57 
 L -31 -40 43 7.82 
Inferior Parietal Lobule R 51 -59 24 8.81 
 L -44 -70 24 6.94 
Superior Temporal Sulcus R 53 -23 -8 6.42 
 L -49 -21 -10 8.18 
Middle Temporal Gyrus R 54 -22 -7 6.42 
 R 53 -37 -2 9.31 
 L -50 -19 -11 8.18 
 L -54 -39 -6 8.68 
Inferior Temporal Gyrus R 54 -45 -11 7.74 
 L -43 -38 -22 8.75 
 L -53 -46 -16 6.76 
Superior Occipital Lobe R 22 -86 20 18.89 
 R 35 -86 13 16.61 
 L -16 -81 19 17.54 
Fourth Occipital Gyrus R 16 -94 -13 13.71 
 L -24 -92 -13 13.68 
Cerebellum R 34 -55 -29 8.76 
 R 9 -56 -24 6.81 
 L -40 -55 -31 9.91 
  L -8 -58 -21 5.53 
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Table 11 (continued).  
 
(b) HC > TBI 
Region Side x y z t-max 
Superior Frontal Gyrus L -11 10 58 -8.10 
 L -22 3 64 -6.21 
Middle Frontal Gyrus R 37 -3 40 -9.21 
 L -44 1 32 -9.67 
Inferior Frontal Gyrus R 50 2 16 -9.16 
Posterior Orbital Gyrus R 29 35 -4 -6.57 
Collateral Sulcus R 20 -41 -11 -19.78 
 L -22 -37 -13 11.29 
Fusiform Gyrus R 22 -58 -12 10.68 
 L -27 -59 -12 -12.22 
Intraparietal Sulcus R 10 -66 48 -9.39 
 R 31 -53 44 -10.45 
 L -28 -65 52 -8.78 
 L -37 -55 43 -7.41 
Inferior Parietal Lobule R 37 -75 29 -6.97 
 L -23 -76 32 -8.63 
Superior Occipital Gyrus R 12 -88 16 -10.65 
 L -31 -83 14 -14.90 
Middle Occipital Gyrus R 16 -97 8 -15.80 
 L -24 -94 8 -9.69 
Inferior Occipital Gyrus R 9 -98 -2 -14.53 
  L  -14 -98 -4 -12.01 
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